(1) The pMHC ligands presented by lipid bilayers are laterally mobile; therefore, these ligands become enriched in domains apposed to TCR microclusters. Across a broad range of initial pMHC densities, the formation of pMHC clusters containing 60-350 pMHC per µm 2 is associated with optimal T cell activation (Grakoui et al., 1999) . Thus, VLA-4 facilitates the activation of Jurkat T cells in response to TCR ligand densities (100 sites per µm 2 ) that are comparable to those that support the activation of antigen-specific primary T cells. (2) Varma et al. calculated that individual TCR microclusters are approximately 0.5 µm in diameter and contain 11-17 TCR molecules. The TCR microclusters induced by immobilized antibodies are comparable in size (Bunnell et al., 2002) . Thus, the OKT3 coating density most capable of supporting enhanced T cell activation in the presence of VLA-4 ligands (300 ng/ml) could capture a maximum of 20 TCRs per microcluster. Thus, the lipid bilayer and immobilized antibody models could share a common lower bound that governs microcluster assembly. (3) Maximally spread Jurkat T cells cover approximately 300 µm 2 ( Figure 2C ). On the basis of our previous observations, we have estimated that only 20% of this region consists of tight contacts capable of supporting T cell engagement (Bunnell et al., 2002) . The NF-AT responses observed here saturate at OKT3 coating densities between 1000 and 3000 ng/ml, which correspond to 330 to 1000 TCR binding sites per µm 2 , and 20,000 to 60,000 total TCR binding sites. Because T cells express approximately 30,000 TCRs (Valitutti et al., 1995) , the abundance of the TCR could contribute to the saturation of the NF-AT response.
Measurement of Intracellular Calcium Concentrations
Indo-1 fluorescence was monitored every 10 seconds for 20 minutes in a fluorescent plate reader (FlexStation, Molecular Devices) held at 37°C. Calcium-free Indo-1 was detected using 8 nm wide excitation and emission windows centered on 368 nm and 460 nm, coupled with a 435 nm cutoff filter.
Calcium-bound Indo-1 was detected similarly, using excitation and emission windows centered on 325 nm and 420 nm. Intracellular calcium concentrations were caclulated using the Grynkiewicz equation (Grynkiewicz et al., 1985) : ( F 2,min / F 2,max ) In this equation, R =F 1 / F 2 , F 1 corresponds to the background-corrected Indo-1 emission at 420 nm, and F 2 corresponds to the background-corrected Indo-1 emission at 460 nm. The K d of Indo-1 for calcium is 250 nM. The subscript max refers to values observed when Indo-1 is completely calcium saturated, and the subscript min refers to values observed in the absence of calcium. These calcium concentrations were calculated by approximating these values with the experimental values obtained after treatment with 10 µM ionomycin, and after the chelation of extracellular calcium with 4 mM EGTA. All calcium plots show running five-point averages in order to smooth experimental fluctuations in the calculated calcium concentration.
Image Processing: Feature Detection
To facilitate cell and microcluster identification, background reduction and boundary sharpening filters were applied to the raw images. For each image field the mean and background signal intensities, I M and I B , were calculated. Contiguous regions exceeding I B + X cell * ( I M -I B ) were identified as cells. Cell boundary masks were smoothed by the application of erosion and dilation algorithms, and adjacent cells were split manually. Mean intensities, I n , were calculated for each cell. Microclusters were defined as regions with intensities exceeding I B + X cluster ( I n -I B ). X cell and X cluster were empirically adjusted to optimize object identification. For all experiments, X cell was 0.8. For all cluster-counting experiments, X cluster was 2.6; for all particle-tracking experiments, X cluster was 2.2.
Image Processing: Particle Tracking For particle tracking experiments, every cluster arising within the first minute was allowed to initiate a trace if it possessed an area in excess of 40,000 nm 2 . This threshold was chosen to minimize the incorporation of 'phantom' clusters arising from random noise in the images. Particle traces were extended using the position and area of a cluster in the n th frame to calculate an assignment function for every cluster, i, in the (n+1) th frame. This function,
, achieves its smallest value when the i th cluster has the same position and size as the last element in the developing trace. ∆d i-n is the distance between the n th cluster of the developing trace and the i th cluster in the (n+1) th frame. A n and A i correspond to the areas of the cluster in the n th frame and the i th cluster in the (n+1) th frame, respectively. The constants a and b were empirically adjusted to emphasize or deemphasize the corresponding distance and size terms; for all experiments a was 160 nm and b was 2. The cluster with the smallest assignment function was appended as the (n+1) th element of the developing trace, unless (1) the displacement resulted in an instantaneous speed exceeding the cutoff value of 300 nm/s, or (2) the cluster had already been assigned to an existing trace. In either case, the developing trace was terminated. This process was applied iteratively until all clusters meeting our criteria were assigned to traces. To exclude spurious traces arising from image noise, all traces persisting for less than 10 seconds were discarded.
Image Processing: Calculation of Microcluster Properties from Particle Traces
The microcluster properties displayed in Figure 4 were derived by calculating 100-300 particle traces per cell, determining the properties of each individual cell, and then calculating the mean properties observed in the six independent cells examined per condition. Microcluster duration is governed by the rules governing trace extension and termination, above. Cumulative microcluster displacement measures the distance between the microcluster start and end points, and is not influenced by small oscillations that do not produce net microcluster movements. Given that our assays are routinely five minutes long, microcluster persistence over four minutes measures the fraction of microclusters surviving the entire assay, given a one-minute starting window. The lifetime average radius and the lifetime average speed are calculated by taking the mean of these parameters over the lifetime of each microcluster. Finally, sustained speeds were calculated by deriving a six-second running average speed. The maximum value attained over the lifetime of the microcluster was taken as the maximum sustained speed. Thus, the reported microcluster speeds are influenced by random movements not contributing to net microcluster movement. To determine mean microcluster speeds in regions near and far from ZAP-70 microclusters, images of 'microcluster speed' were synthesized by setting every pixel falling within a particle trajectory to the minimum particle speed observed at that point. Masks corresponding to 'maximumover-time' images of ZAP-70 were generated, and then dilated by 200 nm. Average speeds were calculated as the mean of all non-zero values within or without these masked regions.
Image Processing: Calculation of Microcluster Speeds from Kymographs
In certain cases, sustained SLP-76 microcluster speeds and actin feature speeds were calculated by manually identifying trajectory segments displaying constant non-zero speeds. Multiple kymographs were generated, and segment start and end points were identified on each kymograph. Microcluster speeds were calculated from the slope of each segment, and averaged to generate a mean microcluster speed per cell.
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Figure S1. Neither the Extent of Cell Spreading Nor the Formation of SLP-76 Microclusters Predicts Effective Costimulation
J14.SY cells were stimulated on glass substrates coated with varying doses of OKT3, in the presence or absence of anti-CD43 (10 µg/ml), recombinant human VCAM-1 (1 µg/ml), fibronectin (3 µg/ml), or TS2/16 (3 µg/ml). Cells were fixed after 5 minutes. All images are representative of the 50 to 170 cells analyzed per condition.
Figure S2. VLA-4 Ligation Enables Calcium Elevations in Response to Low-Dose TCR Ligation
Indo-1 loaded J14.SY cells were stimulated in triplicate on coated glass substrates, as in Figure 2 . The intracellular calcium concentrations produced in the absence of OKT3 (A) , in the presence of 300 ng/ml OKT3 (B), or in the presence of 10,000 ng/ml OKT3 (C) are shown (mean ± SEM, n = 3). Traces obtained in the absence of pro-adhesive ligands are shown in black. Traces obtained in the presence of VCAM-1 (1 µg/ml) or anti-CD43 (10 µg/ml) are shown in red or green, respectively. Open boxes indicate that the pro-adhesive ligand significantly alters the intracellular calcium level relative to that observed in response to TCR ligation, alone.
Figure S3. VLA-4 Ligation Enhances TCR-Induced Calcium Elevations in Human Peripheral Blood T Cells
Indo-1 loaded human peripheral blood T cells were stimulated in triplicate on coated glass substrates, as in Figure 2 . The responses shown were triggered in the presence or absence of OKT3 (300 ng/ml), with or without VCAM-1 (1 µg/ml). SLP-76-deficient J14 cells stably expressing EYFP-actin were stimulated on glass substrates coated with 10 µg/ml OKT3, in the presence or absence of 1 µg/ml VCAM-1. Two representative kymographs are shown per condition. Note that the rate at which actin features move inward is reduced in the presence of VLA-4. Scale bars correspond to 2.5 µm and 60 seconds.
Figure S6. Models of Microcluster Centralization

